Abstract: An off-axis beam is used to control the phase matching condition in the high harmonic generation process in a semi-infinite gas cell leading to suppression or enhancement of the harmonic emission.
Introduction
High order harmonic generation (HHG) that occurs in the interaction between an intense laser pulse and a gas medium can provide a table-top coherent radiation source in the short wavelength range from the vacuum ultraviolet to the soft x-ray region [1, 2] . The high order harmonics which are emitted in a series of attosecond bursts with high spatial and temporal coherence are very interesting for applications in physics, chemistry, and biology [3] . The phase matching between the fundamental laser field and the harmonic field, i.e., the coherent construction of the harmonic field in the macroscopic medium, plays a very important role in HHG. In general, the total phase mismatch may be expressed as [4] ∆k q = 2πqp(1 -η)δn/λ -pqηN at r e λ + (geometric term) + (dipole phase term) (1) where λ is the laser wavelength; p and η are the gas pressure and ionization fraction, respectively; q laser n n n − = δ ; n laser and n q are the refractive indices for the laser light and the q th harmonic, respectively; and N at is the atom density. In Eq. (1) for the phase mismatch the first (positive) term is related to the medium dispersion and the second (negative) term is due to the plasma dispersion. In principle, phase matching in HHG can be achieved by balancing the different phase mismatch terms in Eq.(1) to obtain a zero total phase mismatch. The generation of phase matched HHG in the near cut-off region by using a moveable focusing lens in a semi-infinite gas cell has been obtained [5] . Phase matched high harmonic generation at very high photon energy is difficult to achieve because the required strong driving field creates a large free electron dispersion through strong ionization of the gas and as a result phase matching cannot be achieved by simply varying the pressure. Thus, extension of the cut-off energy to shorter wavelengths is still one of the major challenges in HHG experiments. In this paper we propose a new experimental approach in which an off-axis laser beam is used to control the phase matching condition in HHG in a semi-infinite gas cell. Through controlling the phase matching condition the harmonic emission can be suppressed or enhanced. A high photon energy up to 220 eV (~ 5.5 nm in wavelength) from helium gas is observed in our experiments when the off-axis beam is applied. We also demonstrate the important role of the dipole phase on the phase matched HHG process which has not been included in most previous studies.
Experiments and Discussion
A 1 kHz multi-stage, multi-pass, chirped-pulse amplifier system which produces 2.5 mJ pulses with a duration of 30 fs and centred at 810 nm is used in our experiment. Details of the HHG setup and the detection system have been described elsewhere [5] . The laser beam is split into two beams with an intensity ratio of about 1:4. The two laser beams are focused to a single spot in a gas-filled cell at an angle of about 5 o . The first beam with low intensity is used as the off-axis beam and the second beam is used for generation of the harmonics. To produce a time delay between the two beams, a step motor with a spatial resolution of 25 nm is installed. A positive time delay means that the first beam precedes the second beam. Argon and helium gases are used in this study. When the intensity of the second beam is > 6×10 14 W/cm 2 enhancement of the ionization and Rayleigh scattering from free electrons in the ovelapping region can be employed for spatial and temporal alignment of the pulses. In this configuration, the total interaction medium is divided into two regions: the first region without any influence of the off-axis beam and the second region (overlapping region) with strong influence of the off-axis beam. In addition, the length of the overlapping region is only a fraction of the total interaction length. Firstly, we show the possibility of using the off-axis beam to turn off the harmonic emission. In this experiment, the delay of the off-axis beam is set to a very long delay (e.g., ~ 1 ps) so that there is not any influence of the off-axis beam on the second beam. Under these conditions, the generation of harmonics is optimized for phase matching along the axis of the second pulse in the observed spectral range. Then the harmonic intensity is scanned following the delay between two beams. Figure 1a shows the intensity of the harmonic H23 from argon versus the time delay when the intensity of the first pulse is ~ 10 13 W/cm 2 . A similar dependence is observed for other harmonics ranging from H17 to H27 and also for the harmonic spectrum from helium. It is clear that when the polarizations of the two laser fields are parallel, the harmonic signal is dramatically disrupted around zero delay time. This phenomenon is due to the off-axis beam leading to a variation of the phase mismatch in the overlapping region. The change of the phase mismatch results in a change of the phase of the harmonic field in this region. Thus, the relative phase of the harmonic field in the second region compared to that of the harmonic field in the first region can be controlled. At a particular point, these two harmonic fields are strongly subtracted from each other and hence the phase matched harmonic emission established by optimization of the second laser field is now disrupted, i.e., the harmonic signal is turned off. When the polarizations of the two laser fields are crossed the change in the harmonic intensity is small. Since the ionization rate of the atomic medium in the overlapping region under the influence of the first pulse should be independent of the polarization, the contribution of plasma dispersion (the second term of equation 1) to the change of the total phase mismatch does not need to be considered. In addition, for a weak off-axis beam, the instantaneous response of the medium involving the nonlinear refractive index which follows the intensity profile of the fundamental laser field can be ignored. This means that the variation of the medium dispersion phase mismatch (the first term of equation 1) in the presence of the off-axis beam is also negligible. Therefore, the change of the total phase mismatch in the overlapping region will be caused mainly by the dipole phase. The interaction of the second field with the free electrons influences the trajectory and re-scattering of the electrons causes a large change in the dipole phase. Additional evidence for the dominant contribution of the harmonic dipole phase to suppression of the harmonic emission is the different response of the harmonic intensity on the positive and negative sides close to zero time delay (Fig. 1a) . For negative delay, the generating beam precedes the off-axis beam, so that when the interaction between two beams occurs, the electrons have already been in the continuum state. Conversely, for positive delay, this interaction occurs when the electrons are still in the ground state leading to a slower response. When a more intense first laser field (~ 3×10 13 W/cm 2 ) is applied, as shown in Fig. 1b , the temporal profile of the turn-off region is much broader than the pulse duration for the case of parallel fields because the response of the free electrons is very sensitive to the external field and therefore the small field in the tail of the first pulse can disturb the trajectory of the free electrons. Furthermore, for a high intensity first field, the contribution of the instantaneous response of the nonlinear The possibility of using an off-axis beam to enhance phase matching leading to improvement of harmonic emission is shown in Fig. 2 which plots on a log scale HHG spectra from helium gas with different time delays between the two beams. The same enhancement effect is seen for HHG from argon gas but the generation of very high harmonic orders from helium with high laser intensity is more interesting. The influence of the off-axis beam is strong for delay times of 0 and ± 30 fs when the intensity of the off-axis field is high and a large variation of the dipole phase is expected. Thus, the harmonic field in the second region is varied and is added to the harmonic field in the first region. Consequently, the overall harmonic field at the exit of the medium can be strongly enhanced. With an off-axis beam harmonics can be generated down to 7.3 nm and a second cut-off, with low flux, occurs down to ~ 5.5 nm. Meanwhile it has been shown that without an off-axis beam the shortest harmonic wavelength that can be obtained is ~ 8.3 nm in a semi-infinite gas cell [6] .
Conclusion
We have demonstrated the use of an off-axis laser beam to alter the phase mismatch leading to suppression or enhancement of the HHG process. With an off-axis beam harmonics around 7.3 nm have been generated from helium gas and a harmonic signal with low flux down to 5.5 nm has been observed. Additionally, through this study, the importance of the harmonic dipole phase on the phase mismatch has been investigated. refractive index needs to be considered and the variation of the HHG intensity for crossed polarizations is similar to the intensity profile of the fundamental laser field.
